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ABSTRACT 

Higgs-strahlung e + e~ — ► ZH and WW fusion e + e~ — > v e v e H are the most 
important mechanisms for the production of Higgs bosons in e + e~ collisions 
at LEP2 and future e + e~ linear colliders. We have calculated the cross 
sections and energy /angular distributions of the Higgs boson for these pro- 
duction mechanisms. When the Z boson decays into (electron-) neutrinos, 
the two production amplitudes interfere. In the cross-over region between 
the two mechanisms the interference term is positive and of the same size as 
the individual cross sections, thus enhancing the production rate. 



1. The analysis of the mechanism which breaks the electroweak gauge symmetry SU (2)l x 
U(l)y down to ?7(1)em, is one of the key problems in particle physics. If the gauge fields 
involved remain weakly interacting up to high energies - a prerequisite for the (perturbative) 
renormalization of sin 2 9w from the symmetry value 3/8 of grand- unified theories down to a 
value near 0.2 at low energies - fundamental scalar Higgs bosons [0 must exist which damp the 
rise of the scattering amplitudes of massive gauge particles at high energies. In the Standard 
Model (SM) an isoscalar doublet field is introduced to accomodate the electroweak data, leading 
to the prediction of a single Higgs boson. Supersymmetric extensions of the Standard Model 
expand the scalar sector to a spectrum of Higgs particles The Higgs particles have been 
searched for, unsuccessfully so far, at LEP1, setting a lower limit on the SM Higgs mass of 
rriH > 65.2 GeV ||. The search for these particles and, if found, the exploration of their 
profile, will continue at LEP2 [§]], the LHC [f|, and future e + e~ linear colliders 0. 
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Figure 1: Higgs-strahlung and WW fusion of (CP-even) Higgs bosons in e + e collisions. 

In this note we will focus on the production of scalar Higgs bosons in e + e _ collisions. The 
main production mechanisms for these particles are Higgs-strahlung |7j and WW fusion || 
Pl,|10l [supplemented in supersymmetric theories by associated scalar /pseudoscalar Higgs pair 
production] . In particular, we will present a comprehensive analysis of the interplay between 
the production mechanisms^ (Fig.|l]) 

Hiees-strahlune : e + e~ — > ZH — > vvH 

(1) 

WW fusion : e + e — > v e v e H 

if the Z bosons decay into neutrinos. For v e v e decays of the Z bosons, the two production 

amplitudes interfere. It turns out that the interference term is positive and of the same size 

as the individual cross sections in the cross-over region between the two mechanisms. Thus, 

the interference term adds to the rate at LEP2 where the fusion mechanism will be exploited 

1 We will concentrate first on the Standard Model (SM); the extension to the Minimal Supersymmetric 
Standard Model (MSSM) is trivial as will be demonstrated in the last section of this note. 
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to drive the discovery range of Higgs particles to the ultimate experimental limit ||,[lTf. The 
interference effect had been noticed earlier [§,0; however, we improve on these calculations by 
deriving an analytic result for the energy and polar angular distribution of the Higgs particle 
(Eh, 6) in the final state of e + e~ — > H + neutrinos. This representation can comfortably serve 
as input for Monte Carlo generators like P YTHIA / JETSET fTJ and HZHA @ which include 



the leading QED bremsstrahlung corrections and the important background processes. 

2. The cross section for the Higgs-strahlung process can be written in the following com- 
pact form: 

a(e + e~ -> ZH) = -f-^ (v 2 e + a 2 ) \i - ^f- 2 

967rs v > (l-m 2 z /s) 2 

where y/s is the center-of-mass energy, and a e = —1, v e = —1 + 4sin 2 #yK are the Z charges 

of the electron; A = (1 — (m# + mz) 2 / ' s) (1 — (mj — mz) 2 / s) is the usual two-particle phase 

space function. So long as the non-zero width of the Z bosonQ is not taken into account, the 

cross section rises steeply at threshold ~ (s — (m^+m^) 2 ) 1 / 2 . After reaching a maximum [about 

25 GeV above threshold in the LEP2 energy range], the cross section falls off at high energies, 

according to the scaling law ~ 9wl s asymptotically. Thus, Higgs-strahlung is the dominant 

production process for moderate values of the energy. The cross section (Q) for Higgs-strahlung 

is reduced by a factor 3 x BR„ = 20% if the final state of Z decays is restricted to neutrino 

pairs. 

The total cross section for the WW fusion of Higgs particles can be cast into a similarly 



compact form [16 
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where xh = m H /s, xw = m^js and z = y(x — xg)/(xx\y). For moderate Higgs masses and 
energies, the cross section, being O^g^y), is suppressed with respect to Higgs-strahlung by the 
additional electroweak coupling. At high energies, the WW fusion process becomes leading, 



2 The results presented in this note are insensitive to non-zero width effects of the Higgs boson [^5[. For SM 
Higgs masses below 100 GeV, Th is at least three orders of magnitude smaller than Tz; for larger Higgs masses, 
mn can be reinterpreted as the effective invariant mass of the Higgs decay products. 
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nevertheless, since the size of the cross section is determined by the W mass, in contrast to the 
scale-invariant Higgs-strahlung process, 



cr(e + e — > u e u e H) 
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The cross section rises logarithmically at high energies, as to be anticipated for this t-channel 
exchange process. 

The compact form (|3]) for the fusion cross section has been derived using the elegant method 
of invariant tensor integration [17]. This method however cannot be applied any more to cal- 
culate the interference term between WW fusion and Higgs-strahlung. Nevertheless, similarly 
compact expressions can be derived in this general case by choosing the energy Eh and the 
polar angle 6 of the Higgs particle as the basic variables in the e + e~ cm. frame. The overall 
cross section that will be observed experimentally for the process 



e e 



receives contributions 3 xQ s from Higgs-strahlung with Z decays into three types of neutrinos, 
Gw from WW fusion, and Gi from the interference term between fusion and Higgs-strahlung 
for v e v e final states. We findf] for energies \fs above the Z resonance: 
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3 The analytic result for Qw had first been obtained in Ref. ml 
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Figure 2: Total cross sections for the process e + e~ — > Hvv as a function of the Higgs mass. 
The cross sections are broken down to the three components Higgs- strahlung, WW fusion, and 
the interference term, "thr" denotes the maximum Higgs mass for on-shell ZH production, 
"tot" is the total cross section. For small Higgs masses the interference term is negative, for 
large Higgs masses positive. 
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The cross section is written explicitly in terms of the Higgs momentum p = J E H — mfj, and 
the energy e v = yfs — Eh and invariant mass squared s u = el — p 2 of the neutrino pair. In 
addition, the following abbreviations have been adopted from Ref . [ K| , 

si,2 = y/s(e„ ± p cos 9) t 1>2 = h 1}2 + c x h 2jl 

h h2 = 1 + 2m 2 w /s h2 r = h\ + tii. + 2c x h x h 2 - s\ 

c x = 1 -2ss„/(s 1 s 2 ) C-\ h i h 2 + c x + Vr 

s x = l-c x ° hih 2 +c x -^/r 

To derive the total cross section a(e + e~ — > Huu), the differential cross section must be 



integrated over the region 

- 1 < cos 9 < 1 and m H < E H < ^ U + (9) 

Since the compactification of the cross section requires tedious analytical calculations, we have 
carefully cross-checked the result for the total cross section by integrating numerically the 



squared amplitude, computed by means of COMPHEP pg| ; the procedures agreed at a level 
of 10~ 4 at all the points checked out. 



3. To interpret the results, we display the three components of the total cross section 
cr(e + e~ — > Hvv) in Fig.|| for the LEP2 energy yfs = 192 GeV and for the linear collider energy 
\/s = 500 GeV in the cross-over regions. It is obvious from the figures that Higgs-strahlung, 
WW fusion, and the interference term are of comparable size in this region. 

While the energy distribution of the Higgs particle peaks at Eh ~ (s + m 2 H — m 2 z )/2yfs 
for Higgs-strahlung, it is nearly flat for WW fusion (Fig.|3]). Only with rising total energy 
the lower part of the Higgs spectrum becomes more pronounced. The angular distribution for 
Higgs-strahlung is almost isotropic at threshold while the standard sin 2 9 law is approached, 
in accordance with the equivalence principle, at asymptotic energies (Fig^). The angular 
distribution peaks, by contrast, in the WW fusion process at 9 —>■ and 7r for high energies as 
expected for t-channel exchange processes. 

At linear colliders the incoming electron and positron beams can be polarized longitudi- 
nally. Higgs-strahlung and WW fusion both require opposite helicities of the electrons and 
positrons. If (Ju,l,r denote the cross sections for unpolarized electrons/positrons, left-handed 

4 Notc that Higgs-strahlung dominates WW fusion at 500 GeV for moderate Higgs masses only if the total 
ZH cross section is considered. 
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Figure 3: Energy distribution of the Higgs bosons for the three components of the cross sec- 
tion [Us — Higgs- strahlung; WW = fusion; intf = interference term]. The individual curves 

are normalized to the total cross sections. The Hs peak extends up to maximal values of 

0.52 (0.22) GeV -1 for */s = 192 and 500 GeV, respectively. The total cross sections are 
110.0(69.4) fb. 
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Figure 4: Angular distribution of the Higgs bosons [legend as Fig^j. 
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electrons/right-handed positrons, and right-handed electrons/left-handed positrons, respec- 
tively, we can easily derive, in the notation of Eq.fl5|): 

a v oc 3 Q s + Qi + Q w (10) 

<J L oc SGs + ±Gi + ±Gw (11) 
or oc 6Q s (12) 

The cross section for WW fusion of Higgs particles increases by a factor four, compared with 
unpolarized beams, if left-handed electrons and right-handed positrons are used. By using 
right-handed electrons, the WW fusion mechanism is switched off. [The interference term 
cannot be separated from the WW fusion cross section.] 

It is trivial to transfer all these results from the Standard Model to the Minimal Supersym- 
metric Standard Model (MSSM). Since the couplings to Z/W gauge bosons in the MSSM are 



shared [19| by the CP-even light and heavy scalar Higgs bosons, h and H, respectively, only 



the overall normalization of the cross sections is modified with respect to the Standard Model: 

cr(h)ussu = sin 2 (/? - a) x (t(H) S m (13) 
v(H) MSSM = cos 2 (/3-a) x a(H) SM (14) 

Higgs-strahlung, WW fusion, and the interference term are affected in the same way. [The 
angle a is the mixing angle in the CP-even Higgs sector while the mixing angle (3 is determined 
by the ratio of the vacuum expectation values of the two neutral Higgs fields in the MSSM. A 
recent discussion of the size of the coefficients sin 2 / cos 2 (/? — a) may be found in Ref.||20||.1 
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